Introduction
Magnetic fluids comprise of a distribution of particles having radii ranging from approximately 2 to 10 nm, covered with a surfactant and dispersed in a carrier liquid. The particles are in the single domain state, with magnetic moment, m given by m = M S v, where M S denotes the spontaneous magnetization of the bulk material of the particle and v is the magnetic volume of the particle.
Thermal fluctuations of small size particles induces a reduction of effective magnetocrystalline anisotropy field, H A,eff , compared with the bulk value, H A,bulk . In the presence of a strong polarizing field, H (i.e. larger than the anisotropy field), the theoretically predicted effective value of the uniaxial magnetocrystalline anisotropy field, as measured by magnetic resonance, is given by [1] , [2] : 
where
, k B is the Boltzmann's constant and T is the temperature of the system.
Studies on nanostructured magnetic recording media regarding the effect of the Landau-Lifshitz damping parameter, , on the switching time (i.e. the time taken by the magnetic moment in overcoming the energy barrier, when a magnetic filed is applied as a write pulse) [3] [4] [5] have clearly emphasized the importance of the damping parameter in the magnetic recording process. The ferromagnetic resonance line width of magnetic nanoparticle systems [1] as well as the ratio between the maximum absorption frequency at resonance, f max , and the resonance frequency, f res , [6] are also dependent on . The
Néel relaxation process [7] and the intra-well relaxation process [8] are other examples in which has an important role to play. These few examples are sufficient to highlight the importance of in the magnetization dynamics of magnetic nanoparticle systems.
As can be observed from Eq. (1), the smaller the particle size, the smaller H A,eff .
Consequently, for small sizes and large temperatures, the magnetic anisotropic nanoparticles tend to behave like isotropic magnetic nanoparticles. The theoretically predicted effective value of of isotropic magnetic nanoparticles is given by [1] :
where 1 coth L is the Langevin function and 0 is the limit value of the Landau-Lifshitz damping parameter, which corresponds to very large (strictly speaking, for ). From Eq. (2) one can see that in the case of isotropic magnetic nanoparticles, the smaller the particle size, the larger the effective value of . As the anisotropic small particles approach the behaviour of isotropic particles (see Eq. (1)), one can presume that the damping parameter of anisotropic nanoparticles is particle size dependent.
Another parameter which determines the magnetization dynamics of magnetic nanoparticles is the precessional decay time,
where, is the magneto-mechanical ratio and K is the effective anisotropy constant. As and H A,eff are size dependent, 0 is also expected to be particle size dependent.
The object of this work is to investigate the particle size effect on the parameters of magnetization dynamics (i.e. the measured anisotropy field, H A , the Landau-Lifshitz damping parameter, and the precessional decay time, . The results are also discussed in terms of particle concentration and the possible presence of other iron oxide particles in magnetic fluids.
Complex magnetic susceptibility
The complex magnetic susceptibility, Over the high frequency range considered here, will be dominated by the Néel relaxation mechanism with relaxation time [1] : The resonance condition for a particle with the uniaxial anisotropy axis oriented at an angle with respect to the polarizing field, in the approximation of no interparticle interaction, is given by [1] :
where L 2 ( )= 1-3 L( )/ and P 2 is the Legendre polynomial.
In a system of magnetic nanoparticles, the anisotropy axes of individual particles may have different orientations with respect to the polarizing field. Also, the particles obey a size distribution and may undergo interparticle interactions and it is possible that apart from the magnetocrystalline anisotropy, other forms of anisotropy may also be present. As a result of averaging, the resonance condition of the magnetic nanoparticle system (Eq. (8)) may be written in the following simplified form:
Here, H A may be expressed as in the case of uniaxial anisotropy, H A =2K/M S , but will include the effects mentioned above.
Experimental result and discussion
In this work we present measurements of three magnetic fluid samples, namely, sample 1, sample 2 and sample 3, consisting of colloidal suspensions of magnetite particles dispersed in a light hydrocarbon oil and having average particle diameter of 6.4 nm, 7.5 nm and 9 nm, respectively. The samples were specially prepared by the manufacturer FerroTec and apart from particle size, the samples were identical in every way (i.e. carrier, surfactant, particle material and fluid magnetisation of 400 G (0.04 T)).
In some circumstances, the obtaining process of magnetite nanoparticles for magnetic fluid manufacturing may lead to a mixture of iron oxides, apart from the desired magnetite. In Ref. [10] it is shown that the rate of magnetite formation depends on the pH value of the reacting medium, the concentration of reagents, the nature of the precipitator and the temperature of synthesis. [12] ) and therefore it has not been of much commercially concern in manufacturing magnetic fluids, with respect to their saturation magnetization.
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The presence of "miscellaneous particles" (i.e. other iron oxide particles, different from magnetite particles), can certainly affect the measured properties of magnetic fluids.
For instance, in Ref. [13] , it was suggested that the results obtained for the particle size distribution were affected by the presence of "miscellaneous particles". [14] , but the magneto-crystalline anisotropy constant of the cubic phase of maghemite is 4.7 10 3 Jm -3 [15] and that of the tetragonal phase of maghemite is of the order of 2. A plot of f res against H for all samples is shown in Fig. 3 and as res =2 f res = (H+H A ) the mean value of the anisotropy field, H A , and the magnetomechanical ratio, , are determined from the intercept and from the slope of the linear dependence. The results are presented in Table 1 . Fig.3 Apart from the nature of the material of particles, the effective anisotropy field is affected by various causes such as: a) the particle concentration (namely, increasing the particle concentration leads to an increase of the anisotropy field [19] ); b) the particle size (namely, increasing the particle size leads to an increase of the anisotropy field [1] ); c) the particle agglomeration (namely, the presence of the particle agglomeration leads to a larger anisotropy field in comparison with the case of no particle agglomeration [20] ); d) the dispersion of the orientation of anisotropy axes (namely, narrowing the dispersion of the orientation of anisotropy axes leads to the increase of the anisotropy field [21] ).
Consequently, taking into account the magnetic dipolar interparticle interactions and after averaging over all orientations of the anisotropy axes and over all orientations of the dipolar field, the resonance frequency may be expressed as [22] :
Here, d mean is the mean distance between the particles, the parameter a depends on the local structure of the system, whilst the parameter b depends on the orientation of the anisotropy axes.
As can be seen in Table 1 , the anisotropy field of sample 3 (with particles having an average diameter of 9 nm) is the largest one. In the case of samples 1 and 2, even though they have different average particle diameters, the anisotropy field is approximately the same.
Due to the fact that the samples have the same saturation magnetization (
), sample 1 (with smaller particles) will have a larger particle concentration than sample 2. This means that the decrease of the anisotropy field due to the decrease of particle size (in sample 1 with respect to sample 2) is compensated for, by the increase of particle concentration. This leads to approximately the same values of the anisotropy field in samples 1 and 2 (  m  kA  H A  /  20 ). However, the effective anisotropy field has different dependencies on each of the above mentioned parameters. This means that the decrease of particle size may not compensate for the increase of particle concentration in any ranges of particle size and particle concentration.
On the other hand, sample 3 has large particles and therefore particle agglomeration is more probable in this sample with respect to the other two, leading to an increase of the effective anisotropy field [20] . Moreover, in a given magnetic field, the larger the particle sizes, the narrow the dispersion of the orientation of the anisotropy axes [21] ; leading also to an increase of the anisotropy field of sample 3 with respect to the sample 1 and sample 2.
Inspection of equation (3) indicates that by obtaining one further parameter, (the Landau-Lifshitz damping parameter), the precessional decay time, 0 , may be evaluated. Fortunately this is a simple matter since, as was reported in Ref. The results are presented in Table 1 . As shown in Ref. [6] , the ratio f max /f res depends on the particle concentration and thus the larger the particle concentration, the larger the damping parameter. On the other hand, Eq.(1) predicts that the damping parameter decreases with decreasing particle size.
Our samples have the same magnetization, but particles with different average sizes.
From one sample to another, the average size increases, but the particle concentration decreases, leading thus to a non-monotonic dependence of the damping parameter on the size of the particles as observed in Table 1 . Table 1 . and sample 3, consisted of magnetite particles of mean diameter 6.4 nm, 7.5 nm and 9 nm respectively and were identical in terms of carrier liquid, surfactant and particle material.
From polarised, ferromagnetic resonant measurements, the anisotropy field, H A , the Landau-Lifshitz damping parameter, , and the precessional decay time, 0 ,of the particles were determined.
It has been demonstrated that the anisotropy field, H A is, particle size dependent with the value of H A for sample 3 (9 nm) being almost twice that of samples 1 and 2, thus confirming that the smaller the particle size, the lower the value of H A . The anisotropy field of samples 1 and 2 was found to have the same value, even though these samples have different mean particle size (6.6 nm for sample 1 and 7.5 nm for sample 2). As the samples have different particle size and the same magnetization, they have different particle concentration. Therefore, the decrease of the anisotropy field due to the decrease of particle size (in sample 1 with respect to sample 2) is compensated for, by the increase of particle concentration, leading to approximately the same values of the anisotropy field in samples 1 and 2.
The possibility of the presence of "miscellaneous particles" in the samples [10, 13] , which could influence the value of H A was also investigated by means of X-ray analysis. This analysis has confirmed the absence of any significant amount of other iron oxides in the samples thereby indicating that, in this case, the value of H A was not influenced by the presence of other particles types.
As regards the damping parameter, , it was found that sample 3 has a value of 0.16 compared to values of 0.174 and 0.18 for samples 1 and 2, thereby demonstrating that the smaller the particle size, the larger the effective value of . Similarly in the case of the precessional decay time, 0 , the values determined were found to be in the generally accepted time region of 10 -9 s, with samples, 1, 2 and 3 having values of 1.197 10 -9 s, 1.157 10 -9 s and 0.789 10 -9 s, respectively. Also in comparing the 0 value of sample 3 (which has the highest mean particle diameter and the lowest packing fraction) with those of samples 1 and 2, ( which have a higher packing fraction, but smaller mean particle diameter), one can conclude that the packing fraction and the particle diameter do influence the precessional decay time , 0 . 
